Reconstitution of the proton-pumping activity of puriJied photochemical reaction centres from Rhodopseudomonas sphaeroides
Reaction centres prepared from cells of either wild-type or the R26 mutant of Rhodopseudomonas sphaeroides by (NN-dimethyl-laurylamine oxide) extraction (Clayton & Wang, 1971) have been incorporated into liposomes by a cholate-dialysis technique (Kagawa & Racker, 1971) . The orientation of the reaction centres appeared to depend upon the concentration ratio of protein to lipid, as has been observed independently by Reiss-Husson (1976) . The orientation could be tested by observing the reactivity of P870 or cytochrome c on illumination of the liposomes in the absence or presence of added reduced mammalian cytochrome c, together with either 1 ,4-naphthaquinone or 1,4-naphthaquinonesulphonate, before and after addition of excess of cholate.
In liposomes with a protein/lipid ratio of 1 : 30 (w/w), approx. 60% of reaction centres were arranged so that externally-added reduced cytochrome c could reduce P870+ following activation by a saturating ( 5~s ) flash (Fig. l a ) . On continuous illumination the extent of external cytochrome c oxidation observed in the presence of added 1 &naphthaquinone was much greater than that with 1,4-naphthaquinonesulphonate (Fig. lb) , indicating that the reaction sites of the primary donor and acceptor were on opposite sides of the liposome membrane. In these liposomes continuous illumination induced a pH change, measured by glass electrode or pH indicator, showing extrusion of protons (Fig. lc) . The pH changes were reversible, greatly stimulated by valinomycin (markedly when K+, Rb+ or Cs+ were present), and inhibited by carbonyl cyqnide ,Cnaphthaquinone; (iv) no acceptor present. The final volume was 3ml and the pH was 7.3. (c) Reaction centres from the wild-type strain of Rps. sphaeroides ( 0 . 4~~) in liposomes were suspended in 0.3 M-sucrose, 4p~-reduced cytochrome c, 1OO,u~-1 ,Cnaphthaquinone and further additions were added as follows: (i) 5pg of valinomycin/ml, 32m~-KcI; (ii) none; (iii) as (i) plus 7.5p~-carbonyl cyanide trifluoromethoxyphenylhydrazone. The final volume was 1 ml and the pH was 8.7; pH changes were measured with a glass GleCtrQde and recarder. The m o w shows the direction gf the HC uptake.
p-trifiuoromethoxyphenylhydrazone at uncoupling concentrations. Maximal stoicheiometry of proton efflux was 3-5 fold greater than net cytochrome oxidation, and 30-50-fold in excess of the equivalents of reaction centre present. These results show that the purified reaction centres incorporated into liposomes behave in vitro as the electrogenic arm of a Mitchellian proton pump in which the added secondary acceptor 1,4-naphthaquinone acts as the H-carrying arm. This mode of action mimics that postulated for the reaction centres in vivo , and supports further the hypothesis that photoredox energy is stored and utilized through an intermediate proton gradient.
Time-resolved spectra of the cytochrome changes accompanying cyclic electron flow in Rps. capsulata Several different hypothetical pathways for the 'dark' electron transport from ubiquinone to cytochrome c2 in Rps. sphaeroides and Rps. capsulata have been discussed previously (Crofts et al., , 1975 Prince & Dutton, 1976) . In chromatophores from Rps. sphaeroides studies of this span, and in particular of the involvement of b-type cytochromes, have been complicated by the presence of the spectral change of cytochrome bIs0, which appears on the first flash of a series, but the kinetics of which preclude a direct role in the cyclic pathway. In chromatophores from
Rps. capsulata as prepared in our laboratory, no b-type cytochrome of this potential is present, and studies of cytochrome changes following a single flash reflect changes due to components of the cyclic pathway. Resolution of the spectra of the components contributing to the cycle are hampered by overlapping absorbancy changes in the a-band region from cytochrome b and cytochrome c, and from the photochemicalreaction-centre components. These latter changes are relatively broad, and can be partly compensated by dual-wavelength-difference kinetics by using approximately chosen pairs of wavelengths. A more precise correction could be obtained by subtraction from the complex change of the change due solely to the reaction centre measured away from the a-band region, and appropriately 'normalized' with respect to the spectrum of that change, and the wavelength of measurement. In the present study we have not attempted this, but have presented spectra compensated by subtraction of the change at a fixed reference wavelength, as in conventional dual-wavelength-kinetic measurements.
Spectra of the absorbancy change as a function of wavelength at various times after a flash, when chromatophores were illuminated in the presence of antimycin can be understood by reference to the traces in Fig. 2(a) , which show the kinetics at selected points in the spectrum. The changes at 540nm reflect predominantly the kinetics of P870, those at 550nrn the P870 change with cytochrome c340 changes superimposed. The change at 560nmreflects theP870change withacytochrome bchangesuperimposed, and some contribution from cytochrome c340. The change at 570nm reflects predominantly the reaction-centre change (P870), but with contributions from the trough due to cytochrome c340. Although the kinetics are complex, contributions from both cytochrome-c-and -b-type changes are obvious, the cytochrome c going oxidized and the cytochrome b reduced. In Fig. 2(c) the spectra of the changes are replotted after subtraction of the change at 540nm (for changes at wavelengths of 540-554nm) or at 570nm (for wavelengths of 556-574nm). Plotted separately is the spectrum that develops between 0.12 and 0.28ms after the flash-trigger signal (the flash is delayed approx. 9 0~) .
Over this time scale the change (after compensation) is almost entirely due to cytochrome c340, and the oxidation reached completion at 0.6ms. Also plotted separately is the spectrum that develops between 0.6 and 5.4ms. This change is almost entirely due to reduction of cytochrome 6. A feature of note as revealed by the time-resolved spectra is the fact that the maximal extent of the cytochrome-c change is twice that of the cytochrome-b change. Either the two cytochromes have similar extinction coefficients, and 50% of the electrons from the primary acceptor end up in pools other than cytochrome 6, or the extinction coefficients differ markedly, B lOCH EMlCAL SOCIETY TRANSACTIONS Chromatophores (53 p~ bacterial chlorophyll) were suspended in 10omM-KC1, 50m~-3-(N-morphilino)propanesulphonic acid, 1 mM-sodium ascorbate, 1 ~M -K C N and (where indicated) antimycin was added at 4pglml. Changes were recorded after excitation with a 5ps flash; all points are the average for eight determinations.
Flashes are spaced at 60 s or at 150s when antimycin was present. The time constant was 50ps and the final volume was 2.5ml; the pH was 7. Times are after flash trigger; the flash occurred at approx. 90ps. Cells of the green mutant (carotenoid-deficient) N 22 were used,
In the absence of antimycin interpretation of the absorbance changes is further complicated by the relaxation kinetics associated with electron flow through the site sensitive to antimycin. Inspection of the time-resolved spectra and the uncompensated traces (not shown) reveals an obvious cytochrome-c change and a less obvious, but discernible, cytochrome-b change. In the compensated spectra [ Fig. 2(d) ; subtraction as for Fig. 2(c) ] the contributions from the cytochrome b are more readily seen, and separate spectra for cytochrome c (developing between 0.12 and 0.6ms, relaxing between 0.6 and 2.2ms) can be resolved over appropriate time domains. Individual traces at 550-540 and 560-570nm (Fig. 26) show the difference kinetics at wavelength pairs commonly used tomeasure the c and b cytochromes. There is some contribution to changes measured at the latter wavelength pair, of fast components from reaction-centre and cytochrome-c changes, but the dominant change is that due to cytochrome b.
The timeresolved spectra and traces above support our previous interpretation of the kinetics observed at these wavelength pairs Crofts et al., 1975) . They are difficult to reconcile with any 'Q-cycle' type of mechanism (Mitchell, 1975; Crofts et al., 1975; Prince & Dutton, 1976) , in which electrons from a semiquinone reduce cytochrome b following reduction of cytochrome c by the dihydroquinone. They are compatible with a linear electron-transport chain in which electrons from cytochrome 6 reduce cytochrome c through intermediate steps which include the site of inhibition by antimycin.
